Background/Aims: Hypertension is a major cause of stroke, and diabetes can increase incidence of this disease. We determined the role played by central angiotensin-(1-7) [Ang-(1-7)] pathway in modulating spontaneously hypertension with diabetic hyperglycemia. Methods: Western Blot analysis and ELISA were used to determine the protein expression of Ang-(1-7) and its signal pathway Mas-R-nNOS in the cerebral cortex and hippocampus of spontaneously hypertensive rats (SHR) and control animals. In a subset of animals, diabetic hyperglycemia was induced by systemic injection of streptozotocin (STZ). We analyzed a relationship between the levels of central Ang-(1-7) and plasma brain natriuretic peptide (BNP) indicating a risk of ischemic stroke. We further examined the effects of Ang-(1-7) on arterial blood pressure. Results: Our findings demonstrated for the first time that administration of STZ 1) attenuates the levels of Ang-(1-7) in the cerebral cortex and hippocampus, which are closely linked to plasma BNP; and 2) leads to downregulation of central Ang-(1-7)-Mas-RnNOS pathways. Notably, STZ has greater effects in SHR. Additionally, inhibition of oxidative stress can largely improve downregulation of Ang-(1-7) in diabetic SHR. Moreover, central stimulation of Ang-(1-7) pathway or a blockade of oxidative stress improves systolic blood pressure in diabetic SHR. Conclusions: The Ang-(1-7) signaling pathway is engaged in the adaptive mechanisms associated with diabetic hypertension, suggesting that enhancing Ang-(1-7)-Mas-R-nNOS system is likely to be beneficial in preventing against cardiovascular and cerebrovascular dysfunction and vulnerability related to spontaneously hypertension, particularly to diabetic hypertension.
Introduction
Diabetes broadly leads to increased incidence of cardiovascular and cerebrovascular diseases. It has been reported that hypertensive patients with diabetes have a greater risk body weight-matched rats with saline injection were used as controls of non-diabetes. Thus, in this report, the rats were divided into four groups as: WKY control; WKY with STZ; SHR control and SHR with STZ, respectively. In an additional experiment, Ang-(1-7) (75 µg/kg twice a day) and A779 (150 µg daily) were given via ICV injection [23, 25] and tempol (50 mg/kg i.p. daily) was given for 4 weeks. At the end of all interventions, the rats were 20 weeks old. Arterial BP and heart rate (HR) were measured weekly by the tail-cuff method using an animal blood pressure analyzer before brain tissues were removed. Fig. 1 shows the experimental protocols.
In order to perform ICV injection, animals were cannulated with a stainless steel cannula aimed at the right lateral ventricle (coordinates: 3.7 mm posterior to the bregma, 4.1 mm lateral to the midline, and 3.5 mm under the dura). The guide cannula was fixed to the skull using dental zinc cement and jewelers' screw. The cannula was then connected to a 20 µl of Hamilton syringe with polycarbonate tubing when Ang-(1-7) and A779 were injected. Each drug was suspended in 5 µl artificial cerebrospinal fluid and was injected over 1 minute.
ELISA
The levels of Ang-(1-7) in the cerebral cortex and the hippocampal CA1 region were measured using an Ang-(1-7) Competitive ELISA kit following the manufacturer's instructions (Cat# ABIN512915, Antibodiesonline Inc., Atlanta, GA). Briefly, the diluted tissue supernatant (100 μl) was placed in a 96-well goat antirat IgG-coated plate and incubated for 2 hours. After incubation, the plate was washed using the provided washing buffer, and the color was developed by adding substrate (200 μl) after 45 min and determined by an ELISA plate reader. The amount of Ang-(1-7) was calculated using a standard curve. A similar method was also used to examine the levels of 8-iso PGF2α in the cerebral cortex and the hippocampal CA1 region [commercially available enzyme immunoassay kit [8- 
BNP-45 levels were determined by Rat BNP-45 Sandwich ELISA Kit (Product#ab108816, Abcam Co., Cambridge, MA). Briefly, standard or plasma samples were added to each well. The wells were incubated at room temperature and then aspirated and washed. A biotinylated BNP-45 antibody was added to each well and incubated, followed by washes. Then, streptavidin-peroxidase conjugate was added and incubated and washed. Afterward, chromogen substrate solution was added to each well and incubated and the reaction was stopped by adding stop solution. Then, the optical density was detected immediately using a microplate reader.
Western blot analysis
To examine expression of Mas-R and nNOS, the cortex and hippocampal tissues were processed using a standard Western Blot procedure. Briefly, total protein was extracted by homogenizing the cerebral cortex and hippocampal samples in ice-cold immunoprecipitation assay buffer. The lysates were centrifuged and the supernatants were collected for measurements of protein concentrations using a BCA reagent (Pierce BCA Protein Assay Kit Cat#23225, Life Technologies, Grand Island, NY). After being denatured by heating at 95°C for 5 min in buffer, the supernatant samples (2 samples for each experimental group) containing 20 μg of protein were loaded onto 4-20% Mini-PROTEAN TGX gels and electrically transferred to a polyvinylidene fluoride membrane. The membrane was blocked in 5% nonfat milk in 0.1% Tween-TBS buffer and was incubated overnight with primary antibodies (rabbit anti-Mas-R at 1: 200, Alomone Labs Cat# AAR-013; and rabbit anti-nNOS at 1:500, Cayman Chemical Co. Cat#160870). Next, the membranes were washed and incubated with an alkaline phosphatase conjugated anti-rabbit secondary antibody (1:1000). The immunoreactive proteins were detected by enhanced chemiluminescence system (Cell Signaling Technology, Beverly, MA). The bands recognized by the primary antibody were visualized by exposure of the membrane onto an x-ray film. The membrane was stripped and incubated with mouse anti-β-actin to show equal loading of the protein. Then, the film was scanned and the optical density of Mas-R and nNOS as well as β-actin bands was analyzed using the Scion Image software. The values for densities of Mas-R and nNOS immunoreactive bands/β-actin band from the same lane were determined. Each of the values was then normalized to a control sample.
Statistical analysis
All the data were analyzed using a two-way repeated-measure ANOVA. Values are presented as means ± SEM. For all analyses, differences were considered significant at P < 0.05. All statistical analyses were performed by using SPSS for Windows version 11.0.
Results

General measurements
The rats developed hyperglycemia 4 weeks after STZ injection. Also, an increase of body weight was significantly attenuated in STZ rats (P<0.05 vs. non-STZ control rats with saline) as compared with non-STZ rats (Table 1) . Systolic blood pressure (SBP) was higher in SHR than in WKY rats (Fig. 2) . There was no significant difference in HR between SHR and WKY rats (Table 1) .
W e e ks a fte r T re a tm e n ts S B P (m m H g) * * (1-7) injected into the brain decreased SBP in diabetic SHR rat and the effects were inhibited by A779. Also, tempol decreased SBP in diabetic SHR rats. The effects of both Ang-(1-7) and tempol began 3 weeks after their administration. *P < 0.05, diabetic SHR with Ang-(1-7) (n=8) and diabetic SHR with tempol (n=12) vs. diabetic SHR rats without Table 1 . General Measurements. SBP: systolic blood pressure; HR: heart rate. *P < 0.05 vs. WKY rats; **P < 0.05 vs. SHR. There were no significant differences in body, glucose and HR observed between SHR+STZ and SHR+STZ with administration of Ang-(1-7) and tempol. Note that all measurements were taken at the end week of experiments treatments (n=15); *P < 0.05, also indicated Ang-(1-7) injection vs. Ang-(1-7) with using A779 (n=7).
(B):
The levels of plasma BNP-45 were significantly attenuated in diabetic SHR rats after using of Ang-(1-7) (n=8) and tempol (n=12), respectively. *P < 0.05 vs. diabetic SHR rats with no treatment (n=15) and diabetic SHR rats given with Ang-(1-7) and A779 (n=7). 
Levels of Ang-(1-7)
The levels of Ang-(1-7) in the cerebral cortex and hippocampus CA1 region were measured and shown in Fig. 3A&B . Ang-(1-7) was significantly decreased in the cerebral cortex and hippocampus CA1 region of WKY and SHR rats after STZ injection. A lower level of Ang-(1-7) was observed in those brain areas in SHR rats than that in WKY rats. Our result further shows that STZ decreased Ang-(1-7) to a greater degree in SHR rats. i.e., Ang-(1-7) was decreased by 62% in the cortex and 59% in CA1 region in SHR rats with STZ (P<0.05 vs. WKY rats); and Ang-(1-7) was decreased by 35% in the cortex and 38% in CA1 region in WKY rats with STZ.
A relationship between Ang-(1-7) and BNP-45
We further examined plasma BNP-45 ( Fig. 4A ) and determined a relationship between Ang-(1-7) and BNP-45 (Fig. 4B&C) . Plasma BNP-45 was increased in WKY and SHR rats with injection of STZ. A greater level of BNP-45 in SHR rats was observed as compared with WKY rats. Also, STZ increased BNP-45 to a greater degree in SHR rats as compared with WKY rats (by 32% in WKY; and 45% in SHR; P<0.05 vs. WKY). Furthermore, a liner relationship analysis was performed, demonstrating that there was an inverse relation between plasma BNP-45 and Ang-(1-7) in the cerebral cortex (r=-0.93, P<0.001) and in the hippocampal CA1 region (r= -0.89, P <0.001). in the cerebral cortex (A) and the hippocampal CA1 (B) were significantly decreased in WKY (n=15) and SHR rats (n=16) after STZ injection. The effects were greater in SHR rats. Ang-(1-7) also appeared to be smaller in SHR rats (n=10) than in WKY rats (n=8). * P < 0.05 vs. respective WKY and SHR control rats without STZ. † P < 0.05, indicated SHR with STZ vs. WKY with STZ. # P < 0.05, indicated SHR vs. WKY without STZ. 
Expression of Mas-R and nNOS pathways
In this study, the protein levels of Mas-R receptors and nNOS in the cerebral cortex and the hippocampal CA1 region of WKY and SHR rats were examined after injection of STZ (Fig.  5A&B) . Administration of STZ significantly attenuated expression of Mas-R and nNOS in the cerebral cortex and the hippocampal CA1 region (P < 0.05, vs. with saline injection as control in both WKY and SHR rats). Nonetheless, the effects of STZ appeared to be larger in SHR rats than in WKR rats. Also, Mas-R and nNOS pathways in the cerebral cortex and the hippocampal CA1 region were downregulated in SHR rats as compared with WKY.
Effects of oxidative stress
In a subgroup of experiments, we examined the role played by oxidative stress in regulating expression of Ang-(1-7) (Fig. 6) . First, we measured concentrations of 8-iso PGF2α as an index of oxidative stress in the cerebral cortex and hippocampus CA1 region. Our results show that the levels of 8-iso PGF2α were significantly increased in the cerebral cortex and hippocampus CA1 region of WKY and SHR rats with injection of STZ (Fig. 6A) . Note that STZ induced a greater increase in 8-iso PGF2α in those brain areas of SHR rats. Administration of tempol attenuated amplification of 8-iso PGF2α in these animals. Our results further demonstrate that there was an inverse relation between 8-iso PGF2α and Ang-(1-7) in the cerebral cortex (r=-081, P<0.001) and in the hippocampal CA1 region (r= -0.85, P <0.001) (Fig. 6B) .
Moreover, as tempol was given to attenuate 8-iso PGF2α, this largely restored decreases in Ang-(1-7) of the cerebral cortex and hippocampus CA1 (Fig. 6C) . Note that tempol significantly attenuated the levels of 8-iso PGF2α in four groups of animals. Nonetheless, tempol had greater effects on the levels of Ang-(1-7) in the cerebral cortex and hippocampus CA1 region of SHR rats with STZ as compare with other groups. 
Effects of Ang-(1-7) and tempol on BP and HR
In order to determine the beneficial role of Ang-(1-7) in arterial BP of diabetic hypertension, SBP was examined after Ang-(1-7) was given into the brain of diabetic SHR rats via ICV injection ( Fig. 2A) . Three weeks after injection of Ang-(1-7), SBP was significantly reduced in SHR with STZ. With using A779 blocking Mas-R, the effects of Ang-(1-7) were inhibited. Nevertheless, this failed to significantly alter HR and the levels of blood glucose (Table 1) . Likewise, tempol also decreased SBP in diabetic SHR rats without changing HR and the levels of blood glucose ( Fig. 2A and Table 1 ). At the end of experiments, the levels of plasma BNP-45 were also examined and Fig. 2B shows that the levels of BNP-45 were decreased in diabetic SHR animals after administration of Ang-(1-7) and tempol.
In additional group (n=10), we examined SBP after ICV injection of Ang-(1-7) in nondiabetic SHR rats. Ang-(1-7) did not significantly alter SBP in non-diabetic SHR animals. i.e., SBP (mm Hg) was 203±10 (before injection; P > 0.05 vs. all time points after injection), 197±9 (1 week), 195±8 (2 weeks), 196±10 (3 weeks) and 193±12 (4 weeks) following injection of Ang-(1-7).
Discussion
Although diabetes is associated with increased cardiovascular morbidity and mortality, prior reports have also demonstrated that diabetic patients without metabolic syndrome do not have greater prevalence of coronary arterial disease [26, 27] . In addition, metaanalysis of major large clinical trials fail to show a clear benefit of intensive glucose control on all-cause mortality, except for the reduction in cardiovascular risk [28] . This is likely due to confounding factors, such as obesity and hyperinsulinemia. Nevertheless, the causeeffect relationship of hyperglycemia and cardiovascular disease is yet to be established. Spontaneously hypertensive STZ-induced diabetic (SHR/STZ) rats are generally used to study the mechanisms involved in hypertension with diabetes [29] as they develop significant elevations in plasma glucose levels, polyuria, albuminuria, and glycosuria and a pronounced loss of abdominal adipose tissue and body weight together with severe hypertension [30] . Thus, this model was employed in our present study. The main findings of the present study are that 1) the levels of Ang-(1-7) and Ang-(1-7)-Mas-R-nNOS pathways are impaired in the cerebral cortex and hippocampus after STZ; 2) the effects of STZ appear to be greater in SHR; 3) central administration of Ang-(1-7) decreases SBP in diabetic SHR animals; 4) inhibition of oxidative stress significantly improves the worsen Ang-(1-7) and decreases SBP in diabetic SHR.
Ang-(1-7) activated-Mas-R receptor has various physiological functions such as regulating blood pressure, attenuating the progress of atherosclerosis through inhibiting vascular smooth muscle-cell proliferation and restoring endothelial function [31] [32] [33] . The protective role of the Ang-(1-7)-Mas-R pathways in cardiovascular and cerebrovascular diseases has gained much attention for the last several years [34, 35] . Activation of Ang-(1-7)-Mas-R signaling attenuates the development of hypertension and the pathologic progress of atherosclerosis [17, 36] . A recent study has shown that neural over-expression of ACE2 lowers neurological deficit scores and leads to smaller stroke volumes following middle carotid artery occlusion-induced stroke in mice [19] , suggesting that ACE2 protects the brain from ischemic injury. Also, this study suggests that activation of ACE2/Ang-(1-7)-Mas-R pathways can exert a direct neuroprotective action by alleviating ischemia-induced cell swelling and cell death [19] . In addition, ICV infusion of Ang-(1-7) or an ACE2 activator reduces ischemic injury in rats that are caused by a reduction in cerebral blood flow [18, 31] . A neuroprotective effect of central administration of Ang-(1-7) on ischemic injury is through inhibiting the NF-kappa B inflammation pathway [31] . In the present study, we found that Ang-(1-7)-Mas-R-nNOS pathways are impaired in either SHR rats or STZ animals and this appears to be worsened in SHR after injection of STZ.
The levels of plasma BNP have been considered as indication for screening, diagnostic, prognostic, treatment and monitoring treatment of patients with cerebrovascular diseases [37, 38] , because BNP driven by sympathetic nerves increases with the progression of diseases [39] . Central Ang-(1-7) has been reported to attenuate arterial BP regulated by sympathetic nerve activity in some cardiovascular diseases [15, 17] . BNP-45 rises with an increase of sympathetic nerve activity. Thus, it is well reasoned that a decrease in central Ang-(1-7) is likely to lead to a higher level of BNP-45. In the current report, we specifically examined the concentrations of plasma BNP-45 in SHR and/or STZ rats and further determined if alterations of BNP-45 were closely related to the levels of Ang-(1-7) in the cerebral cortex and hippocampal CA1 area. We observed an inverse relation between BNP-45 and the levels of Ang-(1-7) in those brain areas. This further supports the notion that the levels of central Ang-(1-7) altered by cardiovascular disorders are linked to ischemic brain injuries.
Prior reports indicate that a combination of hypertension and diabetes induces a more severe cardiac functional deficit than either disease alone, which can be described as a greater reduction in cardiac performance, exacerbated fibrosis, and hypertrophy that are associated with a relatively greater increase in oxidative stress and upregulation of the renin-angiotensinogen-aldosterone system [29, [40] [41] [42] [43] . Similar results have been observed in humans in the fact that fibrosis and cardiac hypertrophy are more pronounced in those who suffer from both hypertension and diabetes as opposed to one disorder in isolation [44, 45] . In rat models of hypertension, it has been found that antioxidant mechanisms prevent vascular and left ventricular remodeling and dysfunction [2] [3] [4] [5] . In diabetic rodents, antioxidant alleviates cardiac dysfunction by upregulating the NO-thioredoxin-heme oxygenase-vascular endothelial growth factor system, leading to an increase in manganese superoxide dismutase [46] . In the current study, systemic injection of tempol inhibits the levels of an oxidative stress product, 8-iso PGF2α, in the cerebral cortex and hippocampal CA1 region. Interestingly, we found that an increase in 8-iso PGF2α is closely related to the levels of Ang-(1-7). Also, tempol can restore impaired central Ang- (1-7) . The effects of tempol are greater in diabetic SHR than either SHR or STZ rats alone. This suggests that inhibition of oxidative stress has more benefits to rats with both hypertension and diabetes in improving worsen central Ang- (1-7) .
Prior studies have shown that central chronic administration of Ang-(1-7) increases survival of stroke-prone SHR rats, and improves cerebral blood flow, neurological deficits and brain ischemic tolerance evoked by middle carotid artery occlusion in rats [23, 25] . These effects are not accompanied with changes of arterial BP [23, 25] , indicating that outcomes of Ang-(1-7) are likely independent of changes in BP. Consistent with the prior findings, in the current report, ICV injection of Ang-(1-7) fails to significantly alter BP in non-diabetic SHR animals; however, it lowers SBP in diabetic SHR animals. It should be noted that inhibitory effects of central infusion of Ang-(1-7) on BP have been reported in DOCA-salt rats [47] . The dissimilarities are likely due to hypertensive models and/or dosages of Ang-(1-7) used in the studies.
Limitations of the study need be acknowledged. First, we did not perform experiments to determine cerebrovascular functions and neurological deficit associated with ischemic brain injury though the effects of Ang-(1-7) and tempol on BP were examined. Second, in this study, we measured central Ang-(1-7) in total tissue homogenate using a competition ELISA, by which pre-purification of the sample was not required to perform. High-molecular weight proteins such as angiotensinogen were likely to be recognized by the ELISA antibody and affected assay in the present study.
Conclusion
Our findings for the first time show the levels of Ang-(1-7) and Ang-(1-7)-Mas-R-nNOS pathways in the cerebral cortex and hippocampus are downregulated to a greater degree in SHR rats with STZ injection. The changes of Ang-(1-7) are closely linked to plasma BNP.
